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1 Introduction

NR PUCCH resource allocation before and after RRC connection establishment was discussed at the RAN1 #AH-1801 meeting as summarized in [1]. This contribution discusses several remaining issues on NR PUCCH resource allocation.  
2 Discussion
2.1 PUCCH resource set determination
In the RAN1 #91 meeting the agreements on payload threshold are as follows:
 Agreements:

· UE determines one PUCCH resource set from one or more (up to K=4) configured PUCCH resource sets based on the UCI payload size (not including CRC). 

· PUCCH resource set i for UCI payload size  is in the range of {Ni, …, Ni+1-1} bits (i=0, …, K-1)

· N0=1, N1=3

· For i=2, …, K-1, Ni is UE-specifically configured 

· The value is in the range of {4, [256]} with a granularity of [4] bits

· NK= a max UCI payload size, which may be implicitly or explicitly derived, detailed value is FFS 
· Note: For a UCI payload range, a PUCCH resource set can contain resources for short PUCCH and resources for long PUCCH.
Based on above agreements, one open issue is how to define max UCI payload size NK. It can be assumed that the last configured PUCCH resource set supports the largest allowable UCI payload sizes subject to a configured maximum UCI code rate. As an example, assume a UE is configured with 2 sets of PUCCH resources, S0 and S1 for HARQ-ACK feedback.  S0 is for 1-2 UCI bits while S1 is for 3 or more bits. As long as the UE is configured with a maximum code rate for each PUCCH format contained in set S1, there is no need to define N2 since the maximum payload size is determined from the maximum code rate and the resource configuration (number of PRBs and PUCCH duration). However, from an implementation perspective it may be beneficial to define a maximum UCI payload size that can be supported. This may be set at the maximum payload for polar coding which has been agreed as 1706. In conclusion the maximum payload size for any one of N2, N3, N4, depending on how many resource sets are configured,   can be set to 1706. 
Proposal 1: If a UE is configured with K PUCCH resource sets, where 2 ≤ K ≤ 4, the maximum UCI payload size NK ≤ 1706. It is up to RAN2 whether to capture this upper bound in the RRC specification.  
Regarding the PUCCH resource for CSI reporting, there are the following agreements from RAN1 #AH1801: 
Agreement:

· For each PUCCH-based CSI Report, a PUCCH resource for each candidate UL BWP is configured, where the configuration of a resource contains PUCCH format (2,3, or 4), and the necessary parameters to define the PUCCH resource
· The parametrization follows that of each PUCCH Format
Agreement:
· Support configuring the UE with J>=1 PUCCH resource configuration per UL BWP candidate used for carrying multiple CSI reports (associated with a PUCCH resource config (Format 2/3/4 and its Maximum Code rate))
· In case the PUCCH resources for two or more PUCCH-based CSI reports collide (at least partially overlap in time), the colliding CSI reports with the highest priorities are carried in a multi-CSI PUCCH resource and remaining CSI reports are dropped

· The number of included CSI reports is determined by the configured maximum code rate of the multi-CSI PUCCH resource 

· This applies to CSI only transmission on PUCCH, i.e. not multiplexed with HARQ-ACK

· The PUCCH resource for carrying multiple CSI reports does not need to be configured to a UE

· FFS if periodicity of multi-CSI resource needs to be defined

· FFS value of J

· Exact mechanism TBD in RAN1#92

If following above agreement, the PUCCH resource carrying multiple CSI reports can’t be used for HARQ-ACK and CSI multiplexing. Hence, if a single CSI report collides with HARQ-ACK transmission, the CSI PUCCH resource may not have sufficient capacity to multiplex HARQ-ACK and CSI. In this case, the PUCCH resource to carry HARQ-ACK can be used to support the multiplexed transmission when HARQ-ACK is colliding with CSI. Because the payload is increased due to multiplexing of HARQ-ACK and CSI, UE should be able to select a resource from one resource set with larger payload. For UE, K resources for HARQ-ACK transmission will be pre-configured by RRC signaling, it is easy to support this resource switching based on payload.

Proposal 2: In case of CSI report collided with HARQ-ACK transmission, UE will select one resource based on ARI indication and joint UCI payload from pre-configured HARQ-ACK PUCCH resource set.
Regarding the number of multi-CSI resources that may be configured for a UE, the CSI payload range needs to be taken into account. Since the multi-CSI PUCCH resource is used only for the collision of different CSI reports, the collision opportunities may not occur frequently by careful configuration, and when they do occur there is no need for very fine granularity in terms of configuring different resources. Therefore we believe that at most 2 multi-CSI PUCCH resources should be sufficient for supporting multiplexing of different CSI reports in case of a collision.
Proposal 3:  At most 2 multi-CSI PUCCH resources supporting different UCI payload ranges can be configured for a given UE.
2.2  PUCCH resource allocation after RRC connection  
In the RAN1 #91 meeting, the agreements on payload threshold are as follows:
Agreements:

· 2-bit ARI jointly with implicit mapping for PUCCH resource allocation:
· >[4] (no more than 8) PUCCH resources can be configured in a resource set.
· The number of PUCCH resources in a resource set is configured.
· If larger than [4], implicit mapping in addition to explicit indication is also used.
· A sub-set within a resource set is indicated by ARI and implicit mapping is used within the sub-set
· No additional RRC impact is necessary.

· Otherwise, 3-bit ARI with up to 8 resources per resource set is supported

A proposed implicit resource allocation mechanism is to base it on the lowest CCE index of a PDCCH scheduling either a PDSCH or DL SPS release. This is similar to LTE PUCCH Format 1a/1b resource allocation and works well for PUCCH resource management (resolving collisions) in single cell operation since the PUCCH resources are tied to the PDCCH capacity. On the other hand it is not well suited for HARQ multiplexing when multiple scheduled PDSCHs across time or CC domain are scheduled to be acknowledged in the same HARQ-ACK feedback occasion. To see this we compare implicit and explicit resource allocation mechanism for different scenarios of DL assignments (PDSCH or SPS release PDCCH). For implicit the resource is assumed by the indication of the lowest indexed CCE of the last transmitted PDCCH.

Case 1: Two DL assignments in single cell operation
For implicit RA, if the UE misses the last assignment, the UE determines the resource based on the first assignment for both semi-static and dynamic codebook (we have taken into account the RAN1 AH-1801 working assumption of a fallback PUCCH resource for semi-static codebook). Therefore, the gNB has to perform up to two hypotheses in case of a missing last PDCCH.
For explicit RA, the same PUCCH resource can be assigned for both PDSCHs if only a single codeword is configured. However, for the case of missing last PDCCH, different resources also need to be reserved so that the gNB can perform up to two hypotheses to determine the missing PDCCH. So the two schemes have similar limitations.  
Case 2: Three or more DL assignments in single cell operation

For semi-static HARQ-ACK codebook assignment if the UE detects at least two DL assignments, the codebook and the corresponding PUCCH resource set are determined based on the HARQ-ACK feedback window (i.e. the set of candidate PDSCH receptions corresponding to a common PUCCH occasion). If the last PDCCH is missed, at least two hypotheses need to be performed for implicit RA in all cases. For explicit RA the same PUCCH resource can be indicated according to the total UCI payload for the same PUCCH resource set. For example, if a UE is configured with a resource set for 3 – 11 bits and single CW transmission, the same PUCCH resource can be indicated in all PDCCHs scheduling DL assignments up till the 11th DL assignment. The number of hypotheses that need to be performed in the case of explicit RA depends on the number of transitions between configured PUCCH resource sets.

Case 3: CA operation

Consider the example of 4 configured serving cells and dynamic codebook. For implicit RA, the PUCCH resource may be indicated by the lowest indexed CCE for a PDCCH transmitted in the lowest indexed serving cell. If the PDCCH in this lowest indexed cell is missed, the UE determines the PUCCH resource based on the next lowest indexed CC. Although the probability of missing multiple PDCCHs corresponding to multiple serving cells is very low at least for self-scheduled cells, the gNB still has to perform multiple hypotheses and more importantly reserve multiple PUCCH resources even for HARQ-ACK feedback corresponding to a single PDCCH monitoring occasion.  

Explicit resource allocation is the more efficient mechanism for CA operation as the same ARI value can be indicated in all PDCCHs. Note that this is the RA mechanism employed in LTE and it has not been shown why this should not also be the case in NR.

In summary, when considering all scenarios of single and multi-cell scheduling, semi-static and dynamic HARQ-ACK codebooks, we have the following observations:
· Explicit resource allocation is at least as efficient as the implicit method and more suited for the HARQ multiplexing case for multiple serving cells

· Implicit resource allocation is actually more suited for simpler cases where a single PDSCH needs to be acknowledged such as before RRC connection as discussed in the next section.
· One argument in favor of the current agreement is that it can be seen as a flexible resource allocation mechanism since explicit is used for a resource set containing up to 4 resources while a combination of implicit-explicit is used for 5 – 8 resources in a set.  While this is true for UEs semi-statically configured with PUCCH resource sets, it cannot be generalized to other probable scenarios such as UEs that have been configured with dedicated PUCCH resource sets or UEs that have had to release configured resource sets in case of a radio link failure.   
Proposal 4: Explicit resource allocation is preferred for both semi-static/dynamic HARQ-ACK codebooks at least for the case of HARQ multiplexing where the UE is scheduled to transmit HARQ-ACK feedback for multiple PDSCHs corresponding to different serving cells and time slots. Consider increasing the PUCCH resource indicator field in DCI formats 1_0/1_1 to 3 bits. 
2.3 PUCCH resource allocation for a UE not configured with one or more PUCCH resource sets  
 In the RAN1 #91 meeting, the agreements on payload threshold are as follows:
Agreements:

· For resource allocation for HARQ-ACK before RRC connection setup: 
· Only PUCCH Format 0 and 1 are supported 

· The resource allocation is derived based on a 4-bit parameter in RMSI 

· FFS other details (no additional RRC impact)

· For resource allocation for HARQ-ACK before RRC connection setup, UE identifies a PUCCH resource from a set of resources derived from RMSI using a similar approach to the case after RRC connection setup.

Also from the RAN1 #18AH01 meeting, further agreements were reached as follows:
Agreements:

· For resource allocation for HARQ-ACK before RRC connection setup  

· 4-bit RMSI indicates an entry into a 16-row table and each row in the table configures a set of cell-specific PUCCH resources/parameters

· PUCCH duration of at least {2, 14}
· If frequency hopping is enabled for long PUCCH, the PRB(s) of the two hops are x PRBs away from each edge of the initial UL BWP.
· FFS on x

· FFS on whether to support frequency hopping for short PUCCH

· FFS frequency hopping is always enabled or indicated in RMSI to enable/disable hopping

· Check further offline on the UE feature related discussion

Agreements:

· For PUCCH duration = 2, the starting symbol is symbol 12 within the slot

· HARQ-ACK is only one bit without bundling before RRC connection 
In our view, to specify the entries of the 16-row table, some design principles need to be established.

1) Multiplexing capacity: one assumption made in quite a few contributions at the last meeting is that PUCCH resource allocation in the absence of one or more configured PUCCH resource sets is only necessary for acknowledging RA Msg4. This is rather inaccurate in terms of system operation. Firstly, it should be up to the network when to configure dedicated PUCCH resource sets for a UE. Therefore, the PUCCH capacity for UEs not configured with dedicated PUCCH resource sets should not be provisioned based on initial RA procedure. Secondly, we note that configuration of dedicated PUCCH resource set(s) is optional. Therefore, it should be possible for the system to work efficiently without such configurations similarly to basic LTE operation. Therefore, any design should consider PUCCH capacity for UEs not configured with dedicated PUCCH resource sets. 
2) Frequency diversity: the initial PUCCH configuration is used before a gNB acquires any information on UE capability or has been able to receive any information from the UE including UE capability information or CSI report. Therefore, we believe frequency hopping state should not be optional for initial PUCCH configuration. The current UE feature list of [2] assumes that frequency hopping is mandatory for FR1 but not for FR2. It makes sense to always enable frequency hopping for FR1 since the deployment scenarios are similar to LTE, while assuming it is disabled based on the UE feature list for FR2. 
3) Intra-cell interference management: this can be facilitated by judicious choice of the minimum cyclic shift (CS) gap between adjacent candidate CS resources. This parameter is denoted as 
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4) Multiplexing with SRS: in contrast to LTE, there is no cell-specific SRS bandwidth in NR. In addition, SRS could be configured or a UE on any 1/2/4 consecutive OFDM symbols within the last 6 symbols of a slot. Some degrees of freedom from the 4-bit RMSI index can be used to avoid the SRS time-frequency region from the gNB perspective. It was mentioned in e.g. [3] that a PRB offset away from the bandwidth edge may be desirable to avoid adjacent channel interference. However, we note that this is applicable when the active UL BWP is same as the carrier BW. There is a tradeoff between this PRB offset and placing the PUCCH region at the bandwidth edge and outside of a potential SRS BW. The PUCCH duration can also be limited to avoid SRS on the last symbols of a slot.
Based on these design principles, an entry of the PUCCH table defines a set of cell-specific PUCCH resources/parameters. Candidate parameters for each entry include the PUCCH format, starting symbol, duration, PRB offset with respect to the BWP edge and minimum CS gap. Frequency hopping is always enabled for multi-symbol PUCCH durations.
An example of cell-specific PUCCH parameters configured by a 4-bit RMSI field is shown in Table 1. It can be seen in Table 1 that each entry indicates the PUCCH format, starting symbol, duration, PRB offset and the minimum CS gap, which we believe are the basic set of parameters required for PUCCH transmission in the cell. Other parameters such as initial cyclic shift and OCC (in case of format 1) can be derived from the PDCCH scheduling PDSCH as explained hereafter. 
Table 1 Signaling of cell-common PUCCH parameters using RMSI index
	RMSI Index
	PUCCH Format
	Starting symbol
	Duration
	Starting PRB offset
	Minimum CS gap, 
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	0
	0
	10
	2
	0
	4

	1
	0
	10
	2
	2
	4

	2
	0
	12
	2
	0
	4

	3
	0
	12
	2
	2
	4

	4
	1
	4
	10
	0
	2

	5
	1
	4
	10
	0
	3

	6
	1
	4
	10
	2
	2

	7
	1
	4
	10
	2
	3

	8
	1
	0
	12
	0
	2

	9
	1
	0
	12
	0
	3

	10
	1
	0
	12
	2
	2

	11
	1
	0
	12
	2
	3

	12
	1
	0
	14
	0
	2

	13
	1
	0
	14
	0
	3

	14
	1
	0
	14
	2
	2

	15
	1
	0
	14
	2
	3


Proposal 5: For HARQ-ACK feedback on PUCCH before UE-specific PUCCH configuration is received, each entry in RMSI table indicates cell-common PUCCH parameters such as the PUCCH format, starting symbol and duration, minimum CS gap and starting PRB offset.  
Given RMSI-configured parameters shown in Table 1, the next step is to derive the actual PUCCH resource. In contrast to the case where a UE is explicitly configured with one or more sets of PUCCH resources, implicit resource allocation is more suited to this scenario since only 4 bits are available to signal PUCCH parameters. This is similar to LTE where implicit resource allocation is used for small UCI payloads employing PUCCH formats 1a/1b whereas explicit resource allocation is utilized for larger UCI payloads on PUCCH formats 3 – 5. 

Therefore, a PUCCH index derived from the scheduling assignment may be used to indicate the actual PRB, a starting cyclic shift and OCC. Besides RMSI indication, the resource mapping details on indicating one specific resource from one resource set should be finalized. RMSI is cell specific system information, or more precisely, it provides beam specific system information. When many UEs share one common PUCCH resource set, UE specific mapping rule should be defined to avoid collisions. The PUCCH resource indicator (ARI) field of the scheduling DCI can also be used for resource indication when a UE has not been configured with at least one dedicated PUCCH resource set. Two possible methods are as follows:
· Option 1:  Using ARI to indicate a PUCCH region or subset.
The ARI can be used to indicate a PUCCH region. For example, if there are X PRBs in a given region, the number of PUCCH resources in the subset is given by given by 
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 is the number of OCC sequences (e.g. 3) used for PUCCH.  The UE first derives an intermediate PUCCH resource based on the lowest indexed CCE as follows:
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Then the ARI in the DCI indicates which of the PUCCH regions or subsets the PUCCH resource belongs to. The PUCCH resource is then given by
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Thereafter the related parameters including OCC index, PRB index and initial cyclic shift index can be derived by this resource index
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· Option 2:  Using ARI to avoid resource collision 
An alternative mechanism is to use the ARI to avoid resource collision due to implicit resource determination. Here the PUCCH resource nPUCCH corresponding to a received PDCCH scheduling PDSCH can be determined from the lowest indexed CCE of the PDCCH as follows
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is indicated by ARI as an offset to avoid resource collision similar as LTE EPDCCH. 

Similarly to Option 1, 
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can be used to derive the  OCC index, PRB index and initial cyclic shift index.
Proposal 6: A combination of cell-specific parameters indicated by a 4-bit RMSI and the PDCCH scheduling PDSCH are used to determine the PUCCH resource if a UE is not configured with dedicated PUCCH resources 

· The lowest CCE index determines an intermediate PUCCH index

· Consider one of the options where the ARI field in the DCI either indicates a PUCCH region or is used as an offset to avoid resource collision. The PUCCH resource index is obtained from the intermediate index and the ARI.

· The cyclic shift, OCC and starting PRB are determined from the PUCCH resource index.

3 Conclusion
In this contribution, we discussed some remaining issues on PUCCH resource allocation and provided our views on finalizing these issues. In summary, the proposals are as follows:
Proposal 1: If a UE is configured with K PUCCH resource sets, where 2 ≤ K ≤ 4, the maximum UCI payload size NK ≤ 1706. It is up to RAN2 whether to capture this upper bound in the RRC specification.  

Proposal 2: In case of CSI report collided with HARQ-ACK transmission, UE will select one resource based on ARI indication and joint UCI payload from pre-configured HARQ-ACK PUCCH resource set.

Proposal 3:  At most 2 multi-CSI PUCCH resources supporting different UCI payload ranges can be configured for a given UE.
Proposal 4: Explicit resource allocation is preferred for both semi-static/dynamic HARQ-ACK codebooks at least for the case of HARQ multiplexing where the UE is scheduled to transmit HARQ-ACK feedback for multiple PDSCHs corresponding to different serving cells and time slots. Consider increasing the PUCCH resource indicator field in DCI formats 1_0/1_1 to 3 bits. 
Proposal 5: For HARQ-ACK feedback on PUCCH before UE-specific PUCCH configuration is received, each entry in RMSI table indicates cell-common PUCCH parameters such as the PUCCH format, starting symbol and duration, minimum CS gap and starting PRB offset.
Proposal 6: A combination of cell-specific parameters indicated by a 4-bit RMSI and the PDCCH scheduling PDSCH are used to determine the PUCCH resource if a UE is not configured with dedicated PUCCH resources 

· The lowest CCE index determines an intermediate PUCCH index

· Consider one of the options where the ARI field in the DCI either indicates a PUCCH region or is used as an offset to avoid resource collision. The PUCCH resource index is obtained from the intermediate index and the ARI.

· The cyclic shift, OCC and starting PRB are determined from the PUCCH resource index.
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